ABSTRACT: Increased sedimentation from changes in land use in coastal areas is a potentially important impact of human urbanisation. The potential impact of sedimentation on benthic infauna was quantitatively investigated in the Okura estuary, which is at the northern fringes of urban development in Auckland, New Zealand. A structured mensurative sampling programme, measuring benthic infauna and various environmental variables, is described. Of the variance in macrofaunal assemblages from 15 sites throughout the Okura estuary on 6 sampling occasions, 70% was explained by environmental variables. Proportions of ambient sediment grain-sizes, depositional categories from previous models, the amount and characteristics of trapped sediments, organic content, changes in bed height and distance from the mouth of the estuary were all useful in explaining variation in macrofaunal assemblages. Levels of sedimentation recorded in this study were sub-catastrophic (< 3 cm of deposition d -1 ), corresponding to natural fluctuations in sedimentation. Bivalves generally had a negative relationship with sedimentation, while certain burrowing crabs and polychaetes were more abundant in high-deposition environments. The total amount and the grain-size characteristics of trapped sediments explained a significant proportion of the variation in soft-sediment assemblages, over and above the variation explained by ambient sediment variables. Thus, sedimentation appears to be an important structuring force in these intertidal estuarine macrobenthic assemblages.
INTRODUCTION
Estuarine mudflats are one of the most productive natural ecosystems on earth, with a gross primary productivity of up to 10 kcal m -2 yr -1 (Kennish 1995) . These areas are under increasing pressure from urbanisation, with 50% of the world's population now living by the coast (GESAMP 1990) . Many naturally occurring factors have been recognised as important in influencing marine benthic soft-sediment communities, including grain-size and type of sediment (Gray 1974) , predation (Oliver & Slattery 1985) , parasitism (Thomas et al. 1998) , disturbance (Probert 1984) , supply of colonisers (Armonies & Hellwig-Armonies 1992) , competition (Byers 2000) and food supply (Hentschel & Jumars 1994) . Anthropogenic activities can also affect these communities, through pollution (Pearson & Rosenberg 1978) , trawling (Thrush et al. 1998) , dredging (Quigley & Hall 1999) and sedimentation .
Human activities have caused increased levels of sediment deposition and water turbidity in coastal areas throughout the world by increasing soil erosion and runoff from land clearance, dredging and land reclamation (Ellis 1988 , Vogt & Schramm 1991 , Chou 1996 . Increased sedimentation in freshwater rivers and streams is well documented as having deleterious effects on fauna (see review by Wood & Armitage 1997) . Increased sedimentation caused by human activities has also been shown to impact estuarine and coastal diversity over both large (100s of km) and small (cm) spatial scales (Peterson 1985 , Smith & Kukert 1996 , Airoldi & Cinelli 1997 , Edgar & Barrett 2000 . In soft-sediment systems, Edgar & Barrett (2000) found a negative correlation between levels of human settlement and the abundance and productivity of benthic macrofauna over large spatial scales (100s of km). At intermediate spatial scales (km), assemblages with low diversity and productivity have been described from areas with high gross sedimentation rates (Smith & Kukert 1996) . On smaller spatial scales (m), deposition of terrigenous sediments in excess of 3 cm deep on sandflats (mimicking a landslide) has been shown to decrease the number of macrofaunal individuals by 90% after 10 d . Field observations and laboratory trials have also shown that catastrophic depositions of sediment (10 cm deep) negatively impact suspension-feeding bivalves (Peterson 1985) . The potential effects on macrofaunal communities of the deposition of smaller amounts of sediment in estuaries (as may occur naturally between periods of heavy rainfall) are, however, poorly understood.
To understand the importance of sedimentation, we need to compare the size and direction of its effects with those of other potentially important environmental factors. If significant variation in macrofaunal communities can be explained by environmental variables, this can provide effective models of the fauna for monitoring programmes and predictions (Peters 1991) . Previous spatial models of organisms in soft-sediment habitats have found that between 10 and 70% of the variation in counts of 2 bivalve species over a sampling grid at 2 times could be explained by physical and biological factors . used logistic regression models with environmental predictor variables to explain 79 to 93% of the variance in the presence/absence of 10 species from an estuary. In addition, > 70% of the variability in softsediment assemblages in the Schelde estuary of the Netherlands was explained by environmental predictor variables in a canonical correspondence analysis . Local environmental variables (mud content, chlorophyll a, bed level height and salinity) were the most useful factors in explaining variation in that community. More modelling of whole communities over time and space is needed for a better understanding of what factors are controlling the structure of soft-sediment assemblages (Constable 1999) . Multivariate modelling has been used successfully to assess the importance of sedimentation variables for hard-substrate communities (Saiz-Salinas & Urkiaga-Alberdi 1999) . A combination of multivariate and univariate analyses could prove useful for measuring the response of whole communities to sedimentation and for determining which taxa are most affected by sedimentation.
The Okura estuary is located at the northern edge of the Auckland metropolitan area, and its terrestrial catchment is under increasing pressure from urbanisation. This increasing pressure of development has raised concerns that potential associated increases in sedimentation will negatively impact the ecology of the estuary. Such concerns are particularly relevant, given the status of the Okura estuary as a marine reserve. In this study, we examined the relationship between macrofaunal soft-sediment assemblages and various environmental variables (including measures of sediment deposition) within the Okura estuary over a 9 mo period from August 2001 to April 2002. This spans the time of year when any future land-clearance or construction is likely to occur (i.e. austral summer). It was not the purpose of this study to exhaustively characterise the sedimentation or physical characteristics at each site. Rather, physical measures were chosen that could be recorded over relevant temporal and spatial scales and that were likely to be related to changes in macrofaunal assemblage structure. It is only against a model of the responses of organisms to the natural dynamics of ambient sediments, bed movement (erosion and accretion) and sediment inputs in the estuarine system that the effects of any future increase in sedimentation can be assessed.
MATERIALS AND METHODS
Study sites and sampling methods. The Okura estuary (174°43' 00'' E, 36°40' 30'' S) is approximately 600 m wide, and stretches 3.5 km inland (Fig. 1 ). It has a tidal range of approximately 3 m and is subject to water temperatures of 14 to 24°C and salinities of 25 to 33 PSU. The Okura estuary is aligned with the dominant wind direction in the region, which is from the southwest (Turner et al. 1995) . The terrestrial catchment is dominated by pastureland, with approximately 10% of the catchment being forested.
The depositional probabilities of different areas within the Okura estuary have been modeled . For this modelling the estuary was divided into 17 different sub-environments based on bed sediments, exposure and distance from the head of the estuary. Computer models of currents, sediment transport and wind-driven waves within the estuary were generated and calibrated using field measurements. A 1000 kg load of sediment was included in the models of the estuary under a number of differing physical scenarios, including variation in the timing of release, state of the tide and tidal range. The likelihood of the deposition of a 2 cm thick layer of sediment (deemed ecologically critical: over an area of 100 m 2 in each sub-environment was then calculated, given its particular physical characteristics. A ranking of 'high', 'medium' or 'low' was then mapped across different areas within the estuary to indicate the probability that a 2 cm thick layer of sediment would be deposited under these physical models (Cooper et al. 1999 .
For the present study, 5 sites were selected from each of the 3 deposition regimes: 'high', 'medium' and 'low', as modelled by and summarised in maps of the estuary provided by Cooper et al. (1999) . Thus, a total of 15 sites was sampled within the estuary. Each site was located in the mid-intertidal zone and was 50 m long (parallel to the channel) and 25 m wide (in an upshore direction), and was chosen to be as homogeneous as possible in terms of tidal height and grain size. The sites covered a wide range of habitats in the estuary, in terms of grain sizes of sediments and distance from the mouth. It is also important to note that not all 'high'-deposition sites were in the upper reaches of the estuary: different depositional environments from the model are spatially interspersed throughout the estuary. All 15 sites were sampled on each of 6 occasions over a period of 9 mo (August 2001 to April 2002) in September, October, November and December of 2001 and in February and March of 2002. The sampling was stratified seasonally, but temporal variability in these communities was extremely small compared to spatial effects and will be discussed elsewhere.
On each sampling occasion, 6 randomly positioned cores were obtained from each site to sample macrofauna. Within each 50 m long × 25 m wide site, the position of each core was obtained by choosing a random number of metres between 0 and 49 (for the alongshore coordinate) and between 0 and 24 (for the coordinate perpendicular to the shore). Cores were cylindrical in shape, 13 cm in diameter and 15 cm deep. Each core was sieved in the field using 0.5 mm mesh. Material retained on the sieve was brought back to the laboratory for sorting and taxonomic identification. Material retained was preserved in 10% formalin with 0.01% Rose Bengal and later transferred to 70% ethanol. All organisms were identified to the lowest possible level of taxonomic resolution given time constraints and available expertise. For example, most polychaetes were identified to family or genus, and molluscs to species, while nemerteans were counted together as a phylum.
Ambient grain size and sediment organics were each sampled using a 3.8 cm diameter corer to a depth of 15 cm at a position adjacent to each faunal core, so that 6 cores were taken for these parameters at the same time as the 6 macrofaunal cores were extracted. Surface microalgae were measured from sediment obtained using the same corer, but slicing off and retaining only the top 2 to 3 mm.
Samples of ambient grain sizes of sediments at each site were analysed from 1 sampling occasion only (February 2002) . A subsample was sieved through 2 mm mesh, deflocculated (0.2% Calgon for 24 h) and then analysed using a Malvern Mastersizer-S laser particle-size analyser. Organic content and chlorophyll a were measured at each sampling time. Sediment organic content was calculated from loss of weight on ignition of dried sediment samples at 550°C for 6 h. Microalgal biomass was estimated from the amount of chlorophyll a extracted. Chlorophyll a was extracted from sediments using dimethylformamide, measured on a spectrophotometer, and correlated to biomass using standard equations (Porra et al. 1989 ). Site numbers in normal type, in italics and underlined = low-, medium-and high-deposition areas, respectively (after Fig. 3 of Cooper et al. 1999) . Spatial extent of each site = 50 m along channel and 25 m perpendicular to channel. Sites numbered sequentially from outer to inner reaches of the estuary Measures of sedimentation. Sedimentation was characterised at each site by a combination of a sediment trap and a depth-of-disturbance rod. A sediment trap (3.6 cm diameter × 50 cm deep) was dug into the sediments at the lowest point of each site so that the opening was 20 to 25 cm above the sediment surface. These traps collected sediment settling from the water column. The height of sediment traps differed by a maximum of 89 cm, and preliminary examination of data from 4 times of collection showed no significant relationship between the height of traps and the amount of sediment collected. Heights of barnacles on nearby poles indicated that each trap was submerged regularly by 1 to 1.5 m of tide.
Depth-of-disturbance rods (Clifton 1969) consisted of an iron reinforcing rod driven into the sediment ~1 m from the sediment trap until exactly 20 cm protruded from the sediment surface. Measurements were then taken between the top of the rod and the ambient sediment surface at least once a month. The height of the rod above the sediment surface indicates the net erosion or accretion at a site. Recorded as a difference from the height observed at the previous visit to the site, this measure will hereafter be called 'bed-height change'. Change in sediment bed height can be closely related to bed-load movement (Grant et al. 1997 ) and has been used by many studies to characterise sediment dynamics (Pickrill 1979 , Carling 1982 , Grant et al. 1997 .
Sediment traps were deployed at each site in the field for a period of 1 wk in each month from August 2001 to April 2002. At deployment and collection of the sediment traps, measurements of the depth-ofdisturbance rods were also taken. We collected 6 to 8 sediment traps (a few were lost), and made 14 measurements of bed height at each site over the 9 mo study period. Bed-height change and the amount of trapped sediment were both standardised by the number of days since the previous measurement and were therefore recorded in units of cm d -1 and g cm -2 d -1 , respectively. Sediment never accumulated to a depth of 35 cm within any tube. This ensured that the aspect ratio of the sediment traps was greater than 5:1; therefore resuspension in conditions of linear flow would not occur (White 1990) . Table 1 .
Statistical analyses. All analyses were completed at the level of individual sites, with abundances of macrofauna summed across the cores per site (n = 6). The relationship between the multivariate species data and the environmental variables (described in for the marginal tests (examining a single variable or group of variables) were obtained using 4999 permutations of the raw data, while conditional tests (used for the forward-selection procedure) were done using 4999 permutations of residuals under the reduced model (Anderson 2001) . All non-parametric multivariate multiple regressions were done using the computer program DISTLM (Anderson 2002) .
To visualise patterns in multivariate data, we used unconstrained and constrained ordination methods. First, an unconstrained non-metric multi-dimensional scaling (MDS) plot was done, based on Bray-Curtis dissimilarities of y ' = ln(y + 1)-transformed assemblage data. A projection biplot was drawn onto these MDS axes to examine their relationship with (1) environmental variables and (2) abundances of taxa. Next, a constrained ordination, a distance-based redundancy analysis (dbRDA, Legendre & Anderson 1999) , was done, to explicitly investigate the relationship between environmental variables (all those listed in Table 1 except HvML and MvL) and the community assemblage. Principal coordinate (PCO) axes, based on a Bray-Curtis dissimilarity matrix (calculated from the transformed species data), and using Correction Method 1 to correct for negative eigenvalues (see Legendre & Anderson 1999 for details), were obtained using the program DistPCoA (Legendre & Anderson 1998) . The RDA of the environmental variables, with projections, was then done on the complete set of these PCO axes using the MultivEcol package (freely available from Brian McArdle's website: http://www.stat. auckland.ac.nz/people.php) with the R statistical program (Ihaka & Gentleman 1996) . This package was also used to draw all of the unconstrained MDS plots.
Taxa that were numerically abundant and/or clearly visible in either the unconstrained or constrained biplots were then analysed individually using generalised linear models (GLMs, e.g. McCullagh & Nelder 1989) . As the data consisted of counts, we used, in each case, a GLM with Poisson error and a log link. The linear model is fit on the log scale, so resulting models are multiplicative on the scale of the original variables. The Poisson distribution assumes equal mean and variance, whereas for species abundance data, the variance very often exceeds the mean considerably. Thus, we used the quasi-likelihood approach to model this overdispersion (e.g. McCullagh & Nelder 1989) . Tests involving differences in deviances from models were corrected for overdispersion using a dispersion parameter. This was estimated by the generalised Pearson statistic (the sum of squared residuals divided by fitted values) divided by the residual degrees of freedom (see p. 328 in McCullagh & Nelder 1989) . Nevertheless, variables with an overdispersion parameter greater than 10 should be viewed with serious caution as to the adequacy of the model. Predictor variables for each model were selected from all environmental variables using backwards elimination of non-significant terms (p > 0.1 to exclude). All predictor variables were first normalised to z-scores (divided by the standard deviation of that variable) to allow direct comparison of parameter coefficients in the fitted models. The computer program R was used for all GLMs (Ihaka & Gentleman 1996) .
Analysis of variance (ANOVA) was used to test for significant differences among sites and depositional environments for each of the 4 size fractions of trapped sediment (% < 63 µm, 63-125 µm, 125-250 µm and 250-500 µm), and for the total amount of sediment trapped. To achieve a balanced design, 6 replicate measures were used from each site. Percentage data were arcsine square-root-transformed prior to analysis (i.e. y ' = sin-1(√ -y)).
RESULTS

Measures of sedimentation
Proportions of ambient grain-sizes of sediments differed significantly from site to site and in different depositional environments ( areas showed, on average, significantly greater percentages of fine (0 to 125 µm diameter) and significantly smaller percentages of coarse (125 to 500 µm diameter) sediments than either medium-or lowdepositional areas (Fig. 2) . Although there was significant site-to-site variability in the total amount of trapped sediments (F 12,101 = 9.14, p < 0.0001), there were no significant differences among the 3 deposition areas in the total amount of sediment accumulated in traps (F 2,12 = 0.86, p > 0.44, Fig. 3a ). One site (Site 8, a medium-deposition site) had a consistently greater average accumulation of sediments than any other site, and the total sediment deposited here was also much more variable than at other sites (Fig. 3a) . Profiles of proportions of grain sizes in trapped sediments were not significantly different in the 3 different a priori depositional environments (Fig. 3b ) (F 2,12 = 1.37, p = 0.29 for < 63 µm, F 2,12 = 0.46, p = 0.64 for 63 to 125 µm, and F 2,12 = 1.40, p < 0.28 for >125 µm). Thus, the 3 different deposition types (H, M and L) modelled by did not differ significantly in the total amount of sediment deposited (Fig. 3a) , or in terms of the composition of sediments being deposited (Fig. 3b ), but did differ in terms of the composition of the ambient sediments they contained (Fig. 2) . In addition, the grain-size profiles for ambient sediments were very different from those for trapped sediments at the medium-and low-deposition sites (cf. Figs. 2 & 3 ). This suggests ongoing resuspension at medium-and lowdeposition sites, as higher proportions of fine sediments are deposited at these sites than are retained in the ambient bed.
Multivariate analyses
A total of 73 taxa from 6 phyla were obtained in this study. A complete list of the taxa is given in Appendix 1. Although there were 6 sampling occasions for each of 15 sites, producing a total of 90 observations, 2 of the observations did not contain data for the variable organics, and were therefore omitted from analysis. Thus, 88 observations were included in the models of the 73 taxa. Table 1 except GS5, which is redundant after fitting GS1 to GS4, since these variables sum to 100%) together explained 70.75% of the variance in the species data, which was highly significant (pseudo F 15, 72 = 11.63, p = 0.0002). The variable that explained the greatest amount of variation was the contrast between high-and medium-/low-deposition sites (i.e. HvML, 31.8%), followed closely by ambient grain-size variables (i.e. GS1 to GS4 each independently explained over 20%; Table 3a ). Chlorophyll a (chl a) was the only variable that did not have a significant relationship with the species data when considered singly (p = 0.1052; Table 3a) . When building a model, the extent to which the variables overlap in their explanation of the assemblage data must be considered. That is, the environmental variables are themselves correlated. Thus, a sequential model was built using forward-selection (Table 3b) . Note how the percentage of variation explained by (for example) the proportions of ambient grain sizes (GS1 to GS4) was dramatically reduced after taking into account the contrast of high-versus medium-and lowdeposition sites (i.e. GS4 explained only 7.4% after removing effects due to HvML; Table 3b ). Nevertheless, the sequential model shows that most of the variables added significantly to our ability to explain variation in the species data, as evidenced by the p-values in the table of forward-selection results (Table 3b) . Only chl a appeared to be unnecessary for the combined model (p > 0.05, Table 3b ).
The results of the multivariate analyses of whole sets of variables are shown in Table 4 . The set of variables with the greatest explanatory power was the set of ambient grain-size variables, which explained 41.8% of the variation in the species data. It is interesting to Table 4 . Results of non-parametric multiple regression of multivariate species data on sets of environmental variables for (a) each set of variables taken individually (ignoring other sets) and (b) forward-selection of sets of variables, where amounts explained by each set added to the model is conditional on sets of variables already in the model (i.e. those sets of variables listed above it). %Var: percentage of variance in species data explained by that set of variables and Cum. %: cumulative percentage of variance explained. Individual variables in each set are shown in Table 1 . Note that the set of 'erosion' variables explained a greater percentage of the variation in the species data than the 'trapped' variables in the forward-selection procedure; this is not an error, but can be caused by sets of variables together explaining greater variability in the response data than the sum of the variation explained by either set alone. See p. 533 in Legendre & Legendre (1998) for further details note that the information obtained from trapped sediments alone explained over 20% of the variation in the species data (Table 4a) . Once the ambient grain-size variables were fitted, the next most important set was the a priori modelled depositional environments (i.e. HML), followed by information from trapped sediments (i.e. short-term sediment-deposition information). These explained an additional 10.9 and 6.4% of the variation in the species data, respectively (Table 4b ). Bed-height change variables added about another 6% to the explained variation (Table 4b) . Distance variables and organics, while only adding another 3 and 1% to the explained variation, respectively, were, nevertheless, statistically significant. Only chl a appeared, once again, to be redundant in the model (p > 0.05, Table 4b ). The MDS ordination showed that assemblages at individual sites taken at 6 different times through the year tended to cluster together (Fig. 4) . Note, however, that the sites were not clearly ordered from the mouth to the upper reaches of the estuary, indicating that distances among assemblages were not strongly correlated with distances on the map (cf. Figs. 1 & 4) . Also, a clear separation between high-and medium-or lowdeposition environments was evident in the MDS plot (Fig. 4) . Although there was not a clean separation between the assemblages from medium-and those from low-deposition environments, there did appear to be a gradient in the plot from high (on the left) to low (on the right) (Fig. 4) . The environmental factors most strongly correlated with the MDS axes were the ambient grainsize variables (GS1 to GS4), with greater proportions of the small ambient grain sizes (GS1 and GS2) being associated with assemblages in 'high'-deposition environments, and greater proportions of coarse ambient grain sizes (GS3 and GS4) being associated with assemblages in low (or medium)-deposition environments (Fig. 5) . Areas of 'high'-deposition probability were also those areas which tended to be further from the mouth of the estuary (i.e. see positions of Arrows D and D2 in Fig. 5) , to have greater proportions of fine sediments in traps (Perfin) and to have sediments with greater organic content (Org) (Fig. 5) . On the other hand, the assemblages of low-and medium-deposition areas tended to have greater proportions of coarse sediments in traps and, rather curiously perhaps, a greater total amount of sediment deposited (see position of Sdep arrow in Fig. 5 and cf. Fig. 3a data) . Bed-height change variables (BH and sdBH) and chl a did not show strong relationships with the MDS axes (Fig. 5) .
The organisms most strongly associated with medium-or low-deposition environments were the bivalves Austrovenus stutchburyi (Austr), Nucula hartvigiana (Nucul), Paphies australis (Paphi), other molluscs such as the chiton Sypharochiton pelliserpentis (Sypha), and the gastropods Cominella glandiformis (Comgl) and Notoacmea helmsii (Notoa) (Fig. 6) . Also Table 1 onto non-metric MDS ordination of 73 taxa based on Bray-Curtis dissimilarities of ln(y + 1)-transformed data. This ordination has a slightly different stress value from that in Fig. 4, (Fig. 6) . In contrast, 'high'-deposition environments were characterised primarily by larger relative abundances of several polychaete worms, including nereids, Cossura coasta (Cossu), Notomastus sp. (Notom), Glycera lamellipoda (Glyla) and other glycerids (OthGl), Boccardia spp. (Bocca), Scoloplos cylindifer (Scolo) and other orbinids (OthOr), oligochaetes (Oligo), Polydora spp. (Polyd) and pectinarids (Pecti) (Fig. 6 ). In addition, there were greater numbers of Helice sp. and Macrophthalmus sp. crabs in these 'high'-deposition environments (Helic, Fig. 6 ).
The constrained ordination plot showed patterns similar to those in the unconstrained MDS plot (cf. Figs. 5 & 7) . The first 2 dbRDA axes explained 22.4% of the variability in the species data and 60.3% of the relationship between the species and the environmental variables (Fig. 7) . There was a clear separation between the 'high'-deposition sites (on the right-hand side) and the medium-and low-deposition sites (on the left-hand side) (Fig. 7) . This occurred even though the variables identifying these depositional categories (HvML and MvL) were not included as explanatory variables in the dbRDA analysis. The fact that these patterns are shown in both the constrained and unconstrained plots indicates that (1) differences in assemblages are well identified by the model developed by (based on hydrodynamics), and (2) the types of differences in assemblages promoted by the depositional model of are also well-modelled by the environmental variables we included in our study. It also suggests that these environmental variables are those driving the greatest differences among assemblages in the Okura system (i.e. they describe the directions of greatest Table 1 and clusters of data points at various sites (numbered as in Fig. 1 ). Analysis was performed on principal coordinate axes obtained from BrayCurtis dissimilarities of ln(y + 1)-transformed species counts, with Correction Method 1 for negative eigenvalues (see Legendre & Anderson 1999) . '% of y' indicates the percentage of the variability in the original data explained by the axis and '% of y-hat' indicates the percentage of the variation in the fitted matrix (i.e. the fitted relationship between y and the explanatory variables) explained by the axis. Note that for dbROA the 'y' matrix in the RDA actually consists of principal coordinate axes from the (corrected) distance matrix variation in multivariate space, e.g. Anderson & Willis 2003) . The positions of the arrows relative to the sites in the dbRDA biplot for environmental variables (Fig. 7) were very similar to those in the unconstrained biplot (Fig. 5) , with the possible exception of the bed height change variables. In the dbRDA biplot, variation in bed-height had a visibly positive association with the second redundancy variate, which it did not have in the unconstrained plot. This suggests that effects of bedheight change on the assemblages may be occurring in a direction perpendicular to the strong effects of depositional environments, ambient sediment characteristics and sedimentation (trapped sediments).
Observations through time for the sites are so close together in the dbRDA plot, that each of the 15 individ- Table 5 . Estimates of parameters from generalised linear models of abundant taxa with environmental variables using log-link and Poisson errors. Abundances from 6 cores per site were pooled for analysis. Int = intercept, %Dev = model deviance/total deviance, and Odisp = the Pearson overdispersion parameter; other abbreviations used here for environmental variables are given in Table 1 . Taxa are listed in order of decreasing deviance%. Spaces indicate no significant relationship beween taxon and environmental variables ual sites appears as a cluster of 6 points on the diagram and can be identified by site number (Fig. 7) . The temporal clustering in the dbRDA (Fig. 7) accentuated the clustering in the MDS (Fig. 5) . This is simply due to the fact that the majority of the explanatory variables in the analysis (excluding organics and chl a) were the same at each time of sampling. Thus, when the assemblage data are viewed through the filter of the dbRDA (a constrained ordination) the similarity in environmental values at each site at each time minimised the relatively small temporal variance in the MDS biplot (Fig. 5) . The projection of species axes onto the dbRDA is very similar to that in the MDS biplot (cf. Figs. 6 & 8) . The dbRDA plot does, however, reveal a positive association between abundances of the polychaete Timarete anchylochaeta (Timar) and crab zoea (Crabz) with 'high'-deposition environments (Fig. 8 ) which was not evident in the unconstrained biplot.
The statistical analyses (Tables 3 & 4) and ordinations (Figs. 5 & 7) all indicated that ambient grain-sizes of sediments, the classification of sites in terms of depositional probability (after and information about trapped sediments (i.e. shortterm sedimentation) are all important in terms of explaining the variability in macrofaunal communities.
Univariate analyses
The results of GLMs for individual taxa are summarised in Table 5 . The percentage of the deviance explained by the GLM model for the taxa we investigated here ranged from 93 to 20%. Most of the taxa produced models that were interpretable by reference to the results presented graphically in the biplots, but finer biological details were also potentially interpretable. For example, the cockle Austrovenus stutchburyi showed a strong positive relationship with the proportions of medium-to-coarse ambient grain sizes of sediments (GS2 to GS4), but it also showed a slight positive relationship with the percentage of fine sediments deposited at a site (Perfin) and a negative relationship with the total amount of sediment deposited (Sdep). A similar model was obtained for the barnacle Elminius modestus and the anemones Anthopleura spp. In general, the percentage of fine sediments in traps (Perfin) did appear to have a small but positive net effect on most taxa, including the polychaetes Waitangi sp. and Boccardia spp. Exogonids showed the strongest positive effect of these fine-deposit sediments, and they were also affected positively by changes in bed height at a site (Table 5 cylindifer and exogonids were apparently the most strongly affected (of any of the taxa measured here) by variation in bed height (BH) at sites, a result which cannot be seen clearly in the ordination diagrams. The bivalves Paphies australis and Austrovenus stutchburyi also had negative associations with increasing distance from the mouth of the estuary, while the opposite was true for the other 2 bivalves, Macomona liliana and Nucula hartvigiana. The limpet Notoacmea helmsii, the bivalve Paphies australis and the chiton Sypharochiton pelliserpentis were molluscs that, perhaps surprisingly, all showed positive relationships with the total amount of sediment deposited. One of the simplest models was also the most powerful at predicting abundance. This was the model obtained for the polychaete worm Cossura coasta, which had a strong positive association with fine ambient grain sizes of sediments (GS1), a negative association with coarse deposited sediments (gt125), a positive association with high-versus medium-or low-deposition areas (HvML) and a positive association with organics (Org). These 4 variables plus the squared distance from the mouth of the estuary accounted for 93% of the total deviance for this species. This relative utility yet simplicity was rivalled by the model for the cumacean Colorustylis lemurum, for which only 2 variables (GS3 and GS4) accounted for 47% of the total deviance.
DISCUSSION
Of the variation in macrofaunal assemblages in the Okura estuary, 70% was explained using 15 environmental variables. This suggests an extremely strong link between sediment characteristics and the infauna of the Okura estuary. Of the variation in macrofaunal assemblages in the Okura estuary, 42% was explained by variation in the grain-size fractions of ambient sediments. Ambient sediment characteristics have long been recognised as important in structuring benthic communities (Thorson 1957 , Gray 1974 , Flach 1993 .
The fact that measurements of ambient grain-size characteristics were only measured on 1 occasion during the study and yet still explained such a large proportion of the macrofaunal variation is interesting. Changes in ambient sediments can occur through geological time (e.g. estuarine infilling, which potentially takes centuries) and little change is generally seen over the scale of a single year (Gouleau et al. 2000 , Widdows et al. 2000 . Sudden short-term changes as a result of deposition of large amounts of usually waterborne sediments can, however, also occur (Schubel 1974 ). Although we found no evidence of sudden changes during the course of this study (as measured by sediment traps and depth-of-disturbance rods), ongoing monitoring of Okura estuary will include repeated measures of the ambient sediment structure, which is potentially variable.
The total average amount and characteristics of trapped sediments (i.e. measurable sedimentation) were also important in explaining macrofaunal assemblage variation. The idea that sediment deposition, regardless of its food content, may influence the composition of communities is relatively recent (Edgar & Barrett 2000 , Airoldi 2003 . There has, however, been much research into closely related fields, i.e. of the impact of seston concentrations upon filter feeders (e.g. the review of Jorgensen 1996 and the influence of organic matter on soft-sediment assemblages (e.g. Pearson & Rosenberg 1978) .
The total amount of trapped sediment (i.e. sediment input) had a negative effect on the bivalve Austrovenus stutchburyi, while the percentage of fine sediment in these traps had a small positive influence on the density of this species (Table 5) . This species is a filter feeder (Grange 1977 , Pridmore et al. 1991 , Williams & Pilditch 1997 ) that may respond positively to small additions of fine sediment that can be used as a food source; however, when large total deposits of sediment occur, this could inhibit feeding and result in smothering or death (e.g. . Such effects have been seen for many filter-feeding bivalves (see the review by Jorgensen 1996) . For example, both the feeding success and distribution of Atrina zelandica are affected by sedimentation . Nucula hartvigiana is a deposit-feeding bivalve (Grange 1977 ) that showed the same pattern of response as A. stutchburyi, however it is unclear whether its response was due to a similar mechanism. Elminius modestus (a barnacle) and Anthopleura spp. (an anemone) are both filter feeders that live upon Austrovenus stutchburyi shells. Anthopleura spp. showed similar relationships with the textural components of trapped sediments to those seen for A. stutchburyi. E. modestus showed a negative relationship with the total average amount of sediment trapped (Sdep), as did A. stutchburyi, although Anthopleura spp. did not. This may indicate that Anthopleura spp. is more tolerant of sediment deposition than either its host or its competitor for space on A. stutchburyi shells. Clearly, much more specific manipulative studies of individual taxa are required to obtain a greater knowledge of the mechanisms underlying the patterns revealed by the models used in the present study.
Some previous models have explained between 10 and 90% of the variation in abundance of taxa in softsediment communities using physical and biological predictor variables . This large range in explained variance from different modelling studies is probably due to differences among studies in the scale of observation relative to physical gradients. For example, physical processes may be relatively unimportant compared to smaller-scale biological processes on a relatively homogeneous sand-flat covering a large area. Legendre et al. (1997) found that predictor variables explained 10 to 70% of the variation in species data over a physically relatively homogeneous sandflat. In contrast, studies examining variation along 1 or more strong physical ecological gradients, such as those along an entire estuary, may have greater modelling success (e.g. and this study, which, in each case, explained 70 to 90% of the variation in the species data). In a comparable study to our own in the Scheldt estuary, high proportions of variance in species data were explained by several environmental variables, including salinity, mud content, chl a and bed-level height . Our work reinforces the findings of previous studies, suggesting that environmental forces strongly influence the spatial structuring of estuarine macrobenthic communities. In addition, we suggest that information concerning the amount and nature of sediment deposited at individual sites within an estuary (as measured by sediment traps) can be useful in modelling these communities and populations over the scale of whole estuaries. Furthermore, such information is not redundant to information concerning ambient sediments at particular sites: ambient sediments and trapped sediments can have quite different characteristics and can elicit different kinds of responses in organisms at particular sites. Information about both trapped and ambient sediments, along with information concerning bedheight change, can contribute positively towards the development of useful models.
This study made no attempt to separate recently derived terrestrial sediments from resuspended sediment caught in traps. This might be achieved through careful experimental tracer studies. Such studies would be necessary in order to attribute any specific effects of sedimentation to terrestrial origins or causes for the purpose of coastal management.
Measuring the influx of sediment to a site is difficult. Bed-load traps will not allow separation of sedimentation caused by new sediment input as opposed to small-scale movements of existing ambient sediments, while turbidity meters will not necessarily measure sediment settling. We used water-column traps, but these may suffer from resuspension in the presence of waves, particularly at more exposed sites (Grant et al. 1997 ). Nevertheless, high-, medium-and lowdeposition sites were interspersed throughout the estuary, which ensured that they could not be systematically affected by different exposures. This also meant that trapped sediments in different depositional environments would not have experienced systematic differences in the probability of resuspension. In a previous study in another estuary in the Auckland region (the Manukau), resuspension from water-column traps was only observed at times of high wind speed, which probably generated wave action at the site (Grant et al. 1997) . Thus, resuspension is likely to be most important in the more exposed outer reaches of the Okura estuary (Green & MacDonald 2001) . However, we found that the greatest grain-size fraction for trapped sediments in all parts of the estuary was that of the fine sediments, which are the most likely to be resuspended; this also indicated that resuspension was probably not of great importance in determining the contents of sediments in traps. Fine sediments are also the most likely to be of terrestrial origin, given the finegrained nature of local clay soils, and hence of greatest interest to this study.
Another possible weakness of our methodology was that we attempted to relate sedimentation at a single point to biology across the whole site (50 × 25 m). However, the scale of the differences in the average amount of trapped sediments among sites (greater than 1 order of magnitude) indicated that small-scale variation in sedimentation within sites or in trapping efficiencies were not likely to obscure larger-scale patterns. In addition, other studies in the Auckland region have shown that spatial variation in trapped sediments from the water column (15 cm above the bed) across homogeneous sites had low coefficients of variation (10 to 30%, Commito et al. 1995 , Grant et al. 1997 . Overall, the advantage of our measure of sedimentation was that it measured quantity and texture of sediments, it was integrated over time, and it could be used easily and efficiently over the relevant spatial and temporal scales of interest.
The depositional classes of showed a strong relationship with relative grain-size proportions of ambient sediments (Fig. 2) . 'High'-deposition sites were characterised by relatively greater amounts of fine ambient sediments, while low-deposition areas had smaller proportions of fine ambient sediments. Nevertheless, the grain-size fractions for trapped sediments at the sites did not differ significantly among the 3 depositional environments (Fig. 3b) . In addition, the total amount of sediments deposited was, in general, no greater in the so-called high-depositional areas than in the medium-or lowdepositional environments identified by . There may be several reasons for this. First, our sediment traps did not account for resuspension, therefore low-deposition sites may have similar rates of deposition, but much higher rates of resuspension from the bed, which was not measured. Second, resuspension is not expected to be equal for different grain-size fractions, with finer sediments generally being more likely to be resuspended. Third, sediment deposition can be temporally very patchy. The majority of sediment deposition arises from heavy rainfall (Dyer 1986 , Hicks & Griffiths 1992 events, and perhaps rainfall events during the present study were not heavy enough to cause depositions large enough to characterise the different depositional environments within the estuary. However, because of the strong relationships between (1) ambient sediments and depositional classification and (2) depositional classification and infaunal community structure, depositional model was generally well supported by our results.
Although attributing causes and sources for particular effects of sedimentation can be difficult, this study delivers an important message: natural communities respond to natural changes in the levels of sedimentation occurring in an estuary. It is only by reference to these known effects in the unperturbed system that any consequences of potential unnatural changes in sedimentation can be understood and managed.
